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A B S T R A C T   

The use of membrane module performance data obtained in industrially-relevant environment as the basis in 
process simulation can lead to a more realistic prediction of a CO2 capture system. In this work, we report the use 
of two classes of industrially validated membranes, i.e., hybrid facilitated transport membranes (HFTMs), which 
are characterized by higher permeances and lower selectivity, and the fixed site carrier (FSC) polyvinylamine 
(PVAm) membrane, which is characterized by lower permeance and higher selectivity relative to each other, to 
study the potential of these membranes in two-stage configurations for post-combustion CO2 capture applica-
tions. Two-stage cascades with and without recycle streams were simulated for a target CO2 recovery of >80% 
and purity of 80–99.5%. Recycle systems were found to contribute in reaching high purity targets of CO2 >90% 
at the fixed recovery of 90%. The positioning of membranes with different properties in different stages was 
found to influence the performance of the system significantly. Processes employing HFTMs in the first stage 
coupled with a PVAm membrane in the second stage performed best with the lowest total energy/membrane area 
requirement and recycle ratio for a target of 90% recovery and >90% purity of CO2. The process employing 
HFTMs in both stages outperformed all other cases in terms of membrane area required. The case employing 
PVAm membranes in both stages performs at its optimum only at a lower purity requirement (<90%). This study 
reveals the importance of using an optimized combination of membranes with different separation capabilities at 
different stages.   

1. Introduction 

Membrane-based technologies are commercially used in various gas 
separation applications, including the production of nitrogen from air, 
separation of hydrogen from ammonia, and natural gas sweetening 
(Baker, 2004). The potential for membranes in CO2 capture systems is 
increasingly explored with the development of high performance 
membrane materials with superior separation properties (D’Alessandro 
et al., 2010; S. Janakiram et al., 2020; Janakiram et al., 2019). Several 
strategies have been adopted to improve the permeation properties of 
membrane materials in polymeric membranes targeting efficient sepa-
ration of feed streams with lean CO2 concentration, typically for 
post-combustion flue gas (Park et al., 2017; Janakiram et al., 2018; 
Ahmadi et al., 2018; S. Janakiram et al., 2020). These improved mem-
brane materials are characterized by very high CO2 permeabilities and 

CO2/N2 selectivities, but often, not simultaneously. In lab-scale studies, 
the separation performance are usually reported as permeabilities in 
Barrer (1 Barrer = 10− 10 cm3(STP) cm− 1 s− 1 cm Hg− 1 = 3.35 × 10− 16 

mol m− 1 s− 1 Pa− 1) and ideal selectivities (ratio of pure gas permeabil-
ities). However, such parameters refer to the properties of the bulk se-
lective layer. In the cases where the materials are coated as thin film 
composite membranes (TFC) in the form of flat sheet or hollow fibers, 
the separation properties are reported as permeance (transmembrane 
flux) in GPU (1 GPU = 10− 6 cm3(STP) cm− 2 s− 1 cmHg− 1 = 3.35 × 10− 10 

mol m− 2 s− 1 Pa− 1) and separation factors (concentration-based selec-
tivity). Performance evaluation of TFC membranes is closer to realistic 
membrane separation as they account for non-ideal phenomena related 
to the boundary layer (e.g., concentration polarization) as well as for the 
feasibility of coating ultra-thin selective layer, as required by the high 
permeance target in post combustion CO2 capture applications. 
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While lab-scale TFC membranes are typically tested in relatively 
small areas (in the order of cm2), recently, many studies increasingly 
report performances of membrane modules on a larger scale (Y. Han 
et al., 2019; Z. Dai et al., 2019; Salim et al., 2018; White et al., 2015). 
Individual membranes sealed into modules at high packing density and 
surface area do not necessarily retain the same permeation properties 
(permeance and selectivity) as the bulk selective layer tested with a 
smaller area during lab-scale development (Li et al., 2004). The mem-
brane module performance widely depends on a variety of parameters 
like stage-cut, flow patterns inside the module, and pressure drop, as 
well as boundary layer effects (Glenn Lipscomb and Sonalkar, 2004). 
Additionally, the scaled-up modules are tested in actual industrial con-
ditions, which also elicit changes in feed streams and operational 
environment. 

There exist numerous studies that prove the potential of membranes 
in CO2 capture applications through simulations and optimizations 
(Giordano et al., 2017; Ho et al., 2008; Belaissaoui et al., 2012; Shao 
et al., 2013; Franz et al., 2013; He et al., 2015). Nevertheless, in most 
cases, hypothetical or extrapolated permeances calculated from 
permeability data obtained from a labscale evaluation are commonly 
used as the basis of simulations. Many simulation studies also involve 
changing operating conditions including pressure and temperature, 
which in fact influence separation properties significantly. Such de-
viations are unfortunately usually ignored in most studies. Only a 
handful of these studies report simulation results using membrane per-
meance data validated in an industrially relevant pre-pilot scale or at 
even larger scale. Franz et al. studied the effect of sweep gas on a 
cascaded membrane process in a reference scale of 600 MW power plant 
using permeance data of commercial PolyActive membrane modules 
(Franz et al., 2013). Low et al. used PVAm/PVA facilitated transport and 
thermally rearranged PBI membranes to study the effect of humidity on 
CO2 separation using a flue gas capacity of 100 Nm3 h− 1 (Low et al., 
2013). He et al. used pilot scale data of fixed site carrier polyvinylamine 
membrane to perform a feasibility analysis for a  >80% CO2 capture 
ratio and >95% CO2 purity using 18,260 kmol/h flue gas in a refinery 
(He et al., 2015). All such simulation studies consistently have to employ 
a multi-stage cascade system to reach the target of a high CO2 purity and 
CO2 recovery. Until now, however, no studies have reported the use of 
membranes with different properties in the different stages in such 
multi-stage systems. 

The present study investigates cases of membrane-based separation 
cascades using industrially validated membranes in different stages to 
achieve overall capture rate and CO2 purity targets. The study simulates 
a two-stage membrane process using two class of membranes in different 
stages – Hybrid Facilitated Transport Membrane (HFTM) characterized 
with high permeances and low selectivity and Fixed Site Carrier (FSC) 
polyvinylamine (PVAm) membrane characterized with low permeance 
and high selectivity relative to each other. The separation performance 
of these membranes obtained in an industrial environment were used as 
the basis for the simulation study (He et al., 2017; Sandru et al., 2013; 
Kim et al., 2013; Janakiram et al., 2021). The influence of different 
properties of the membranes in different stages on the overall separation 
performance in a two-stage system has been systematically studied 
elucidating the advantages of smart positioning of membranes for 
lowering the total membrane area and energy requirement. 

2. Simulation basis 

The process simulations in this study were carried out in Aspen 
HYSYS V9.0 interfaced with an in-house customized membrane model 
ChemBrane. Detailed information about Chembrane can be found in 
previous studies (Grainger and Hägg, 2008; Grainger, 2007). Chem-
Brane is a user operation module that uses a successive stage model to 
solve for flux in a mixed gas feed operated in counter-current mode. The 
ChemBrane model assumes a constant permeance across the membrane 
module. 

A pilot scale sizing of 50 Nm3 h− 1 of flue gas was arbitrarily chosen as 
a basis feed flow for simulations to compare different configurations. 
The motivation behind using pilot-scale sizing is because the analysis in 
this study is limited to membrane area and total energy requirement, 
which scale linearly with respect to feed flow. The composition of the 
feed on dry and wet basis is summarised in Table 1, which reflects a 
typical cement industry case (Psarras et al., 2017). 

2.1. Description of assessed process configurations 

Two two-stage cascade process configurations were studied with 
membrane-based systems in this study. Fig. 1 shows the outline of the 
two-stage membrane cascade, where the purification of the permeate 
stream from the first stage is performed using a second stage membrane 
process without recycle stream (I) and with recycle stream (II). 

As water plays a crucial role for permeation in facilitated transport 
membranes, fluctuations in the humidity of the feed stream will widely 
affect the transport properties of the membrane material (Deng and 
Hägg, 2010; Hägg et al., 2017). Hence, a dedicated feed humidifier was 
considered as a part of the process after feed compression, which ensures 
the input stream to the membrane is humidified to 95% RH at 60 ◦C. 
Moreover, according to the well-accepted facilitated transport mecha-
nism (He et al., 2015), the water permeability in this type of membranes 
is usually high, leading to a water saturated permeate stream and a 
rather dry retentate stream. Hence, in this work, the second stage 
membrane purification was applied only on the permeate stream of the 
first stage to avoid any re-humidification of gas streams. It has to be 
noted that the constant permeance has been used to avoid complexity of 
changing permeances with depleting water concentration along the 
length of module (Belaissaoui et al., 2020). However, the availability of 
typical flue gas at point sources at near saturation conditions when used 
in modules of shorter length reduces the deviation of permeation per-
formances inside the module. 

The feed pressure was maintained at 1.7 bar in the first stage in both 
processes. Typical flue gas streams vary widely in terms of CO2 
composition. Often, feed compression is used to increase the driving 
force and achieve enhanced separation due to higher CO2 partial pres-
sures. However, it should be noted that compression of feed might lead 
to a critically high share of energy consumption, since 60–90% of the 
non-CO2 components constitute the flue gas. Alternatively, vacuum was 
used in the permeate side of the membrane in both stages in this work for 
two main reasons – to increase the driving force for gas transport across 
the membranes and maximize the pressure ratio (ratio of feed pressure 
to permeate pressure) in order to enhance separation capability of the 
membrane stage. The permeate pressure was maintained at 100 mbar in 
both stages using vacuum pumps (Y. Han et al., 2019). All membrane 
units were operated at 60 ◦C. This temperature was used to match the 
field test conditions in which the membranes were validated. 

The permeate stream in the first stage is recompressed and fed to the 
second stage module. The high water permeance of the FTM membranes 
used in the first stage eliminates the need for a secondary humidification 
unit. The interstage compression was varied between 1.7 bar and 10 bar 
in Process I and maintained at a constant value of 1.7 bar in Process II. 
The retentate of the first stage is mixed with second stage retentate in 
Process I at the same pressure before releasing and is released at 1.7 bar 
in Process II. 

Table 1 
Flue gas composition used in the simulation study (Gas at 60 ◦C).  

Component Mole fraction  

dry basis wet basis 

CO2 0.17 0.15 
N2 0.68 0.59 
O2 0.15 0.13 
H2O 0.00 0.13  
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The permeate stream of the second stage is recompressed to 1.05 bar 
and cooled down to 30 ◦C. The dry CO2 mole fraction of the cooled 
permeate stream is reported as the CO2 purity (%). The retentate stream 
is cycled back to the feed compressor in the case of Process II. 

2.2. Membrane materials 

Four case scenarios were considered in each of the two process 
configurations. A total of three membranes were investigated for indi-
vidual stages:  

• HFTM based on SHPAA/PVA (sterically hindered polyallyl amine/ 
polyvinyl alcohol)blend containing 0.2 wt% porous GO (S. Jana-
kiram et al., 2021; S. Janakiram et al., 2020).  

• HFTM+ProK containing a mobile carrier 20% ProK (Potassium salt 
of Proline) in addition to 0.2 wt% porous GO in the SHPAA/PVA 
blend (S. Janakiram et al., 2021; S. Janakiram et al., 2020).  

• FSC - PVAm membrane previously developed at NTNU and tested 
and validated at Technology Readiness Level (TRL) of 6. 

The HFTM exhibits a module selectivity of ~20, while the 
HFTM+ProK exhibits a lower selectivity (~16) albeit a higher CO2 
permeance (25% higher than that of the HFTM) (S. Janakiram et al., 
2020). Both HFTM’s are characterised by high permeances (Table 2). 
FSC PVAm membranes offer high selectivity (~86), while its permeance 
is around one order of magnitude lower than the HFTM membranes. The 
gas permeance values for each membrane are provided in Table 2. 

With two process configurations and three membrane types, a total 
of eight case scenarios were studied in this work. Naturally, in most 
cases, HFTMs were used in the first stage (due to the high permeance) 
followed by the PVAm membrane in the second stage (due to high 

selectivity). A base scenario (case A, PVAm membranes in both stages) 
was also studied to benchmark the HFTM’s. The summary of these case 
scenarios is presented in Table 3. 

The permeance data of all the membranes used in these simulations 
were validated experimental data (S. Janakiram et al., 2021; Hägg et al., 
2017; S. Janakiram et al., 2020). The permeance values of gas compo-
nents for each HFTM were obtained by manually adjusting and match-
ing (Trial and error approach) of the relative ratios with ChemBrane in 
Aspen HYSYS V9.0, so that the simulated compositions of streams 
matched with the gas compositions measured in the exit permeate and 
retentate streams during the field tests for the same membrane area (S. 
Janakiram et al., 2021).It must be noted that these permeance values 
have not been analysed for changes with respect to operating conditions 
like feed pressure and temperature. This limitation justifies the use of a 
fixed feed pressure of 1.7 bar and temperature of 60 ◦C to match with the 
experimental conditions used in determination of permeances. 

In the case of PVAm membrane, the permeances were adopted from 
the reported data from our prior studies (He et al., 2017; Sandru et al., 
2013; Kim et al., 2013). Unlike HFTMs, the permeance of PVAm mem-
branes have been studied for a wider range of operational pressure and 
hence, the use of higher interstage pressure especially in the cases where 
the PVAm membrane is used in the second stage is justified. 

2.3. Assumptions 

The following assumptions were made in the simulation study.  

• Adiabatic efficiency of compressors and vacuum pumps is modelled 
at 75%.  

• Vacuum pump is modelled as a compressor.  
• No pressure drop was considered over the membranes.  
• Total energy consumption of the process is the sum of power 

required for (i) feed compression/recompression and (ii) vacuum 
pump in both stages.  

• Only single stage compression or suction was used for the sake of 
simplicity. Compressed streams were cooled to the required 

Fig. 1. Process flow diagrams of the simulated two-stage post combustion capture plant without recycle stream (I) and with recycle stream (II).  

Table 2 
Summary of permeation data used.  

Membrane 
type 

Permeance* (x 105 mol m− 2 kPa− 1 s− 1)  

CO2 Nitrogen H2O Ref 

PVAm 4.89 0.06 9.17 (He et al., 2017; Sandru et al., 
2013; Kim et al., 2013; Hägg 
et al., 2017) 

HFTM 38.33 1.92 191.67 (S. Janakiram et al., 2020) 
HFTM+ProK 48.06 2.97 239.72 (S. Janakiram et al., 2020) 

*Permeation data measured at 60 ◦C/78% RH feed at 1.7 bar/vacuum 0.2 bar 
using raw flue gas from cement plant. Permeation data for PVAm obtained in 
pilot facility at NORCEM at 39 ◦C saturated feed at 3.3 bar/vacuum 0.2 bar using 
raw flue gas from cement plant (Hägg et al., 2017). 

Table 3 
Summary of simulated process cases.  

Two-stage 
configuration 

Stages Case 
A 

Case B Case C Case 
D 

Without recycle 1st PVAm HFTM+ProK HFTM+ProK HFTM 
2nd PVAm HFTM PVAm PVAm 

With recycle 1st PVAm HFTM+ProK HFTM+ProK HFTM 
2nd PVAm HFTM PVAm PVAm  

S. Janakiram et al.                                                                                                                                                                                                                             



International Journal of Greenhouse Gas Control 119 (2022) 103698

4

temperature using a cooler powered by cooling water. The cooling 
water was assumed to be freely available and hence, the cooler en-
ergy is not accounted in total energy of the process. 

• The permeance data of PVAm and HFTM were assumed to be inde-
pendent of feed pressure. 

3. Results and discussion 

3.1. Two-stage process without recycle 

Typical post-combustion flue gas capture processes target both a 
high purity and high capture rate of CO2 simultaneously. The CO2 
capture rate or CO2 recovery is the ratio of CO2 in the permeate relative 
to that of the feed. An optimistic target for the CO2 recovery is 80–95% 
coupled with a high CO2 purity of over 95% (Wang et al., 2017; Zhao 
et al., 2010). It should also be noted that the development of CO2 uti-
lization technologies is continuously driving changes in industrial re-
quirements towards reduced CO2 purity targets and at times recovery 
targets (Zhaurova et al., 2021; Ghiat and Al-Ansari, 2021). Nevertheless, 
for membrane-based processes, targets over 80% CO2 purity with 
80–95% CO2 recovery are unreachable by using a single stage system 
due to a very high membrane selectivity requirement for a given nom-
inal operation pressure ratio (Favre, 2007; Yang et al., 2009). A 
two-stage membrane process is therefore required to further purify the 
permeate stream at the same or higher-pressure ratio while thereby 
compensating for the high selectivity requirement in a single stage. 
However, for a fixed pressure ratio in each stage, the obtainable purity of 
CO2 at a given fixed overall capture ratio is still a function of the 
membrane transport properties. Herein, the effect of membrane trans-
port properties in a two-stage cascade operated at similar conditions is 
studied for four cases (A, B, C and D) that combine membranes of 
different characteristics in varying order. When the pressure ratio is set 
at 17 for both stages (feed pressure at 1.7 bar and permeate side vacuum 
at 0.1 bar), for a fixed capture ratio of 90%, the achievable CO2 purity of 
the different cascades were evidently dependent on the membrane 
characteristics and their order of placement as seen in Fig. 2. In order to 
investigate the effect of increasing driving force in the second stage 
targeting higher overall capture performance, the interstage feed pres-
sure was varied from 1.7 bar to 10 bar. The base case A employing a 

low-permeability, high selectivity membrane in both stages results in a 
surprisingly low CO2 purity (82–83%). On the other hand, case B with 
two of the HFTMs (with relatively low selectivity but high permeability 
compared to the PVAm membrane) exhibited the lowest CO2 purity of 
around 76–79% within the range of interstage feed pressure studied. The 
combination of high flux membranes (HFTM+ProK) followed by high 
selectivity PVAm membrane in the second stage had the highest 
achievable CO2 purity of about 85% at a CO2 recovery of 90%. When the 
CO2 capture ratio was reduced to 80%, the achievable CO2 purity 
increased by about 5% in all cases while preserving the same trend with 
respect to combinations on the achievable purity. The maximum 
achievable CO2 purity with the best case (case C) was 89.4% with an 
interstage pressure of 10 bar. Interestingly, the effect of the interstage 
feed pressure on CO2 purity is not significant. The increment in CO2 
purity is only 2–3% when increasing the interstage feed pressure from 
1.7 to 10 bar, and most of which is in the range of 1.7 to 2.0 bar. 

Fig. 3 presents the influence of CO2 purity on total membrane area 
and energy requirement for a fixed CO2 recovery of 80% and 90%. In 
each case, the interstage pressure is varied from 1.7 bar to 10 bar to 
result in the required CO2 purity. As it can be seen, at higher required 
CO2 purity, the total membrane area required showed a reducing trend 
in most cases making it advantageous to utilize the second stage mem-
brane at a higher driving force by increased interstage compression 
(Fig. 3A and B). However, it should be noted that the added compression 
in the interstage also results in significantly higher energy penalty and 
the relevant investment. Hence, with increasing purity, more energy is 
spent on the second stage, as shown in Fig. 3. Case B operated at lower 
CO2 purity range at the considered range of interstage pressures owing 
to the low selectivity of the membrane following compression. On the 
other hand, cases A, C and D showed similar trends in membrane area 
and energy requirement for higher purity targets. 

It can also be seen that the combinations employing HFTMs in stage 1 
(Case B, C and D) require the least membrane area for separation and the 
combination of PVAm in stage 1 (Case A) require the most. However, 
such differences were hardly observed in the total energy requirement 
(between 5 and 9 kW for all cases). 

Nevertheless, the limitations of a two-stage cascade were apparent 
with respect to the maximum achievable target CO2 purity, which was 
below 90% for all the cases considered, even with a high interstage 
compression of 10 bars. It should also be noted that facilitated transport 
membranes suffer carrier saturation phenomenon with changing per-
meances and selectivity upon increasing feed pressure, which could 
further influence the system performance in terms of membrane area 
required (S. Janakiram et al., 2020; Z. Dai et al., 2019; Helberg et al., 
2021). However, due to complexity of the changing performances and 
the relatively smaller size of second stage of membrane (less influence in 
total membrane area), constant performances in second stages were 
assumed. On the energy front, the feed compression in the first stage 
makes stage 1 more energy intensive due to the large volumetric flow. 
Another alternative that can be used without increasing the number of 
stages is recycling of retentate stream of stage 2 back to the feed stream 
of stage 1. This approach is investigated in the following section. 

3.2. Two-stage process with recycle stream 

Given that the achievable CO2 purity of the two-stage process was 
limited to less than 90% without a significant increase in the pressure 
ratio in both membrane stages, an alternative solution consisting of 
recycling the retentate stream of stage 2 back to the feed stream was 
considered. The use of recycle streams has been widely reported in two- 
stage membrane cascades to reach the purity target while simulta-
neously ensuring the recovery, which can also enhance the driving force 
for permeation in the first stage because of the relatively high CO2 
concentration in the recycled stream (Deng and Hägg, 2010; Yang et al., 
2009). Recycling streams particularly prove beneficial in low CO2 con-
tent flue gases. However, it has to be noted that the volumetric flow to 

Fig. 2. CO2 purity as a function of interstage pressure for a fixed CO2 recovery 
of 80% (empty symbols connected with dotted lines) and 90% (filled symbols 
connected with solid lines) for 50 Nm3 h− 1 of feed flue gas in two-stage system 
without recycle (feed pressure in stage 1 = 1.7 bar; interstage pressure =
1.7–10 bar; permeate side: 0.1 bar vacuum in both stages; T = 60 ◦C). 
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the modules is increased by recycling, which is expected to increase the 
sizing of the equipment and energy consumption. Similar to the previous 
process, four cases of the same arrangement as mentioned in Table 2 
were analysed in the process with recycle. The CO2 recovery was fixed at 
90% for all cases and the CO2 purity ranging from 80% to 99.5% was set 
as the simulation target. Since no changes in pressure ratio in both the 
stages were considered in these simulations, the permeance values used 
correlate to calculated experimental values and, therefore, are expected 
to be closer to real separation outcomes. 

3.3. Influence of targeted CO2 purity on required recycle ratio 

An important parameter for consideration in a recycle system is the 
recycle ratio, which is the ratio of the volumetric flow of the recycle 
stream to that of the feed stream. In general, a larger recycle ratio results 
in a higher output purity, but also leads to a higher energy penalty for 

the overall system. Hence, for a fixed capacity, the lowest possible 
recycle ratio is often preferred to achieve the target separation. Fig. 4 
presents the recycle ratio requirement for the different cases considered 
in order to achieve a particular target CO2 purity. In all the considered 
cases, up to 95% purity in CO2 was achieved with a recycle ratio of less 
than 1. For a purity greater than 95%, the required recycle ratio 
increased rapidly as expected. 

Interestingly, the recycle ratio required to reach a target purity de-
pends also on the membrane placement as seen in Fig. 4. For the same 
target purity, Case A required the least recycle ratio for up to ~90% 
purity in the exit stream (yellow region). When the purity is above 90%, 
Cases C and D with high permeance membranes in Stage 1 and high 
selectivity membranes in Stage 2 cross over and become more promising 
(green region). For instance, for a target CO2 purity of 87%, Case A re-
quires a recycle ratio of 0.16, while cases C and D require ~0.21 for the 
same purity. However, at a high purity target of 95%, Case A require a 

Fig. 3. Influence of CO2 purity on total membrane area and energy requirement for a fixed CO2 recovery of (A) 80% and (B) 90% for 50 Nm3 h− 1 of feed flue gas in 
two-stage system without recycle. (Feed pressure in stage 1 = 1.7 bar; Interstage pressure = 1.7–10 bar (increasing left to right in each dataset; Permeate side: 0.1 bar 
vacuum in both stages; T = 60 ◦C.). 

Fig. 4. Influence of targeted CO2 purity on required recycle ratio for a fixed CO2 recovery of 90% for 50 Nm3 h− 1 of feed flue gas (Feed pressure in stage 1 = 1.7 bar; 
Interstage pressure = 1.7 bar; Permeate side: 0.1 bar vacuum in both stages; T = 60 ◦C.). 
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recycle ratio of 0.72 while cases C and D of 0.55 and 0.65, respectively. 
Case B with (low selectivity membranes on both stages) require the 
highest recycle ratio across most of the range considered. 

3.4. Influence of targeted CO2 purity on total energy requirement 

The total energy requirement for the targeted CO2 purity ranging 
from 80% to 99.5% was also analysed for all cases and the results are 
presented in Fig. 5. As expected, the use of membranes with low selec-
tivity in both stages result in a high recycle ratio requirement. Conse-
quently, the associated vacuum pump and compressor load result in a 
higher energy requirement and the increase becomes exponential for 
purities in excess of 95%. Similar trends are observed in total energy 
requirement for Cases C and D with respect to the Case A. Two regions 
are identified; for a CO2 purity of up to ~90% (yellow region), Case A 
require the least energy, and above that, Cases C and D require the least 
energy (green region). 

3.5. Influence of membrane positioning 

While the influence of membrane selectivity was apparent both on 
the recycle ratio and the total energy requirement, the permeation 
properties of membranes used in both stages was also found to largely 
influence the total membrane area required, as seen in Fig. 6. For the 
same target of CO2 purity, Case A requires the most area and Case B 
requires the least as expected, since membranes in both stages of case B 
have the highest CO2 permeance while in Case A have the lowest. The 
area requirements of Cases C and D (which combine high permeance and 
selectivity membranes) are in between those of Cases A and B. Although 
the total membrane area requirement increases for very high CO2 purity 
targets (> 95%), interestingly, for Cases C and D the total membrane 
area decreases with increasing CO2 purity to up to about the CO2 purity 
of 95%, and then increases sharply when above 95%. In Cases A and B, 
the required membrane area increases steadily first, but the increase 
becomes more drastic above the CO2 purity of 95%. 

In order to explain the interesting trends of cases C and D that 
exclusively employ the high selectivity membrane in the 2nd stage, cases 
A, C and D were further analysed to study the interrelation of membrane 
properties between different stages. Fig. 7 shows the decoupled mem-
brane area requirement for each stage. The membrane area for stage 1 
increases with increasing CO2 purity targeted. On the other hand, the 
membrane area for stage 2 decreases more rapidly for Cases C and D 
relative to Case A. Hence, the total area requirement, although governed 
mainly by stage 1, is largely influenced by stage 2 up to the purity target 
of 95%. Above 95%, a large area requirement in stage 1 seems to have 

Fig. 5. Influence of CO2 purity on total energy requirement for a fixed CO2 recovery of 90% for 50 Nm3 h − 1 of feed flue gas. (Feed pressure in stage 1 = 1.7 bar; 
Interstage pressure = 1.7 bar; Permeate side: 0.1 bar vacuum in both stages; T = 60 ◦C.). 

Fig. 6. Influence of CO2 purity on total membrane area requirement for a fixed 
CO2 recovery of 90% for 50 Nm3 h− 1 of feed flue gas. (Feed pressure in stage 1 
= 1.7 bar; Interstage pressure = 1.7 bar; Permeate side: 0.1 bar vacuum in both 
stages; T = 60 ◦C.). 
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counterweighed the effect of the decreasing trend in stage 2 on the 
overall membrane area. Nevertheless, the membrane area requirement 
behavior for stage 2 as function of CO2 purity is distinctly different for 
Cases C and D. 

In general, for a two-stage cascade, the CO2 recovery is governed by 
first stage while the second stage guides the CO2 purity of the final 
permeate stream. However, with the presence of recycle, the second 
stage membrane can operate at varying conditions depending on the size 
and concentration of the recycle stream (extra degree of freedom). In the 
current analysis, since in the considered cases A, C and D, the membrane 
type is the same in the second stage, it can be hypothesized that the 
different behavior of stage 2 is caused by the different separation per-
formance and hence the retentate composition of stage 1. The membrane 
area requirement in stage 2 is directly related to the separation by the 
first membrane stage. In other words, the required area for a particular 
purity target is dependent on both the flow and concentration of CO2 in 
the feed to the second stage. Clearly, the feed to the second stage con-
tains higher concentration of CO2 (x2f , CO2 ) in Case A than in Case C and 
D, as seen in Fig. 8A. This is explained by the high selectivity of the 
membrane employed in the first stage in Case A. However, this high CO2 
concentration in the feed causes the second stage membrane in Case A to 
operate at a higher average feed concentration range where the ratio of 

retentate to feed CO2 concentration (x2r, CO2 /x2f , CO2 ) dominates the 
average driving force on the module. 

This phenomenon can be explained by aid of the cross-flow model for 
a gas separation module (Mulder, 1996). A cross-flow model can be used 
as an analogue to a module operated in counter-current configuration 
with vacuum on the permeate side. 

x2p, CO2 = B −

[

B2 −

(
α

(α − 1)φ

)

.x2f , CO2

]0.5

(1)  

x2f , CO2 =
x2f , CO2 − x2r, CO2

ln
(

x2f , CO2
x2r, CO2

) (2)  

B = 0.5.
[

1+
1

(α − 1)φ
+

x2f , CO2

φ

]

(3)  

wherex2f , CO2 is the log mean feed CO2 concentration, x2p, CO2 is the 
required CO2 purity (permeate CO2 concentration), x2r, CO2 is the second 
stage retentate concentration of CO2 (same as the recycle stream), α is 
the membrane selectivity, and φ is the pressure ratio defined as 

φ =
Pp

Pf
(4)  

where Pf and Pp are the feed and permeate pressures. 
In the analyzed systems, since the pressure ratio ϕ and membrane 

selectivity remain constant for Cases A, C and D, the coefficient B 
defined in Eq. (3) is sensitive to the log mean average CO2 concentration 
in the feed, x2f , CO2 . x2p, CO2 is a solution to quadratic equation with 
opposing functions relating to x2f , CO2 and how it changes after treatment 
from the first stage. 

From Eq. (2), the log mean upstream concentration in stage 2 de-
pends both on the magnitude of individual concentrations of the feed 
and retentate, as well as their ratio. As the ratio between 
x2r, CO2 to x2f , CO2 increases, the load in terms of separation on the 2nd 
membrane stage increases because the log mean average feed concen-
tration increases. Fig. 8B presents the influence of target CO2 purity on 
average feed concentration of CO2 in the second stage. As it can be seen, 
the profiling of x2f , CO2 is nearly linear with respect to target CO2 purity 
in Case A, while for cases C and D, it changes with an increasing slope at 
each increasing CO2 purity. The varying curvature is attributed to the 
log function and dependence on the ratio between x2r, CO2 to x2f , CO2 , 
which shows a sigmoidal increase for cases C and D for increasing purity 
requirements. For a particular target purity, this ratio and eventually 
x2f , CO2 is high for Case A relative to Cases C & D, and hence the last term 

Fig. 7. Influence of target CO2 purity on membrane area requirement in each 
stage for different CO2 purity targets with a fixed CO2 recovery of 90% for 50 
Nm3 h− 1 of feed flue gas. (Feed pressure in stage 1 = 1.7 bar; Interstage pres-
sure = 1.7 bar; Permeate side: 0.1 bar vacuum in both stages; T = 60 ◦C.). 

Fig. 8. (A) Change in x2f , CO2 and the ratio of x2r, CO2 to x2f , CO2 in stage 2 for different CO2 purity targets (B) Influence of target CO2 purity on average feed 
concentration of CO2 in the second stage for a fixed CO2 recovery of 90% for 50 Nm3 h− 1 of feed flue gas. (Feed pressure in stage 1 = 1.7 bar; Interstage pressure =
1.7 bar; Permeate side: 0.1 bar vacuum in both stages; T = 60 ◦C.). 
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in Eq. (2) becomes more significant for the value of coefficient B. 
The main reason behind the changing separation conditions in stage 

2 is the selectivity of the membrane in stage 1. From the analyzed data, a 
high inlet feed concentration of CO2 to stage 2 obtained from stage 1 
inflicts large penalties in terms of separation duty in stage 2, which is 
counterproductive in terms of both area and energy requirement, as seen 
from Figs. 5 and 6, respectively. While the current trend of energy and 
area requirement is valid for the membrane types and cascades 
considered, the presence of recycle stream adds to complexity in iden-
tifying the influence of individual operational parameters in a stage on 
the other stage due to simultaneous changes in different variables. 
Further studies are needed to explore these phenomena with more 
membranes of different separation properties and in different or multi- 
stage cascades. 

Fig. 9 summarises the relative changes in total energy and membrane 
area requirement for cases C and D in contrast to Cases A across the 
entire range of CO2 purity analysed. From Fig. 9, it is apparent that the 
use of a less selective membrane in the first stage is beneficial in terms of 
both energy and membrane area required for the ranges of CO2 purity 
over 90%. On the other hand, using a high selective membrane only in 
the second stage for higher purification is beneficial in terms of energy 
requirement when compared to using low selectivity membranes in 
second stage as seen in Fig. 10. However, if the target requirements to 
reach industrial needs are low, case B offers the least total area 
requirement across the entire range of CO2 purity requirement, owing to 
the high permeances offered in both stages. 

Nevertheless, the use of a highly selective membrane in both stages 
in a two-stage recycle system can be less beneficial, let alone the large 
area requirement to compensate for the lower permeability of the 
membranes. Case C with a high permeable, low selective membrane in 
the first stage followed by a high selectivity, low permeable membrane 
in the second stage in a two-stage system with recycle yields a simul-
taneous low total membrane area requirement, low recycle ratio and low 
total energy requirement for a 90% recovery and >90% purity of CO2 in 
the final permeate stream. Case B with high permeable membrane in 
both stages yields the lowest membrane area requirement (up to 300% 
reduction) with almost no compromise in energy savings when lower 
purity of CO2 (between 80% and 95%) is targeted at 90% recovery as 
seen in Fig. 10. Priorities between the savings in membrane area and 
energy requirements are made in consideration with the required purity 
and specific needs of the application such as lower footprint, minimal 
utility expenditure etc. 

4. Conclusion 

The current work explores possibilities and advantages of using 
membranes of different permeation properties in a two-stage cascade for 
post-combustion CO2 capture. Two different classes of facilitated 
transport membranes with their performance validated in industrial 
conditions during field tests were used as the simulation basis. Both two- 
stage cascade with and without recycle stream were simulated for a CO2 
recovery target of up to 90% and CO2 purity targets of 95%. Four 
different cases combining three membrane materials of different sepa-
ration properties in different stages were analyzed. Without recycling, 
the maximum achievable CO2 purity using two-stage cascade was 
limited to 89.43% using Case C (high permeability membrane in stage 1 
and high selectivity membrane in stage 2) although high interstage 
compression was required. Higher CO2 purity target was achieved using 
recycle stream in the two-stage process in all cases. 

This study found that positioning of membranes with different 
properties in different stages influenced the performance of the system 
significantly. Processes with high permeable, low selective membrane in 
first stage coupled with a high selectivity, low permeable membrane in 
the second stage outperformed other cases in terms of low total mem-
brane area requirement, low recycle ratio and low total energy 
requirement for a 90% recovery and >90% purity of CO2. The base case 
of high selectivity, low permeable membrane in both stages (Case A) 
operates best only at lower purity requirements (<90%) albeit with high 
membrane area requirement. Case B offers the best solution in terms of 
footprint (lowest membrane area) for CO2 lower purity targets (80 – 
95%). The study establishes the potential of high permeability and low 
selectivity membranes as a bulk separator in first stage to act as feeder to 
a stage 2 comprising of a high selective membrane unit. The lower 
volumetric flow and relatively higher concentration of CO2 in the feed 
supplied by membrane unit to stage 2 will prove beneficial for reducing 
the sizing of stage 2. High selective features of technologies used in stage 
2 helps in obtaining high CO2 purity targets, thereby increasing the ef-
ficiency of the overall process. The results obtained from this study also 
opens up potential for more such hybrid combinations of having mem-
branes of different separation capabilities at different stages and 
combining membranes with high selective absorption/adsorption sys-
tems. Despite the permeance-selectivity trade-off often cited as the 
hurdle to the development and commercialization of interesting mem-
brane and membrane materials, efforts should also focus on upscaling 
interesting membranes and deriving benefits of combining these 
upscalable membrane techologies that can synergistically reach the 

Fig. 9. Relative savings (positive values) or penalty (negative values) in Total membrane area/energy required by using Case C and Case D with respect to base Case 
A. Feed pressure in stage 1 = 1.7 bar; Interstage pressure = 1.7 bar; Permeate side: 0.1 bar vacuum in both stages; T = 60 ◦C.). 
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common goals in a multi-stage process for post combustion capture 
applications. 
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